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Electromagnetic Fields and Public Health
by Timothy E. Aldrich,*t and Clay E. Easterly*

A review of the literature is provided for the topic of health-related research and power frequency
electromagnetic fields. Minimal evidence for concern is present on the basis of animal and plant research.
General observation would accord with the implication that there is no single and manifest health effect
as the result of exposure to these fields. There are persistent indications, however, that these fields have
biologic activity, and consequently, there may be a deleterious component to their action, possibly in the
presence of other factors. Power frequency electromagnetic field exposures are essentially ubiquitous in
modern society, and their implications in the larger perspective of public health are unclear at this time.
Electromagnetic fields represent a methodological obstacle for epidemiologic studies and a quandary for
risk assessment; there is need for more data.

Introduction
In 1984, Americans consumed an estimated 780 billion

kilowatt-hours (kWh) of electrical power; by the year
2000, usage is forecast to be 1320 billion kWh. This
projection is based on the trend in the sale of electricity
(Fig. 1). In 1983, the average American household used
about 9000 kWh and had an average annual electricity
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FIGURE 1. Electrical energy use in the United States (1).
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bill of$666. Forecast for the year 2000 will be an average
annual household usage of about 10,671 kWh at a cost
of some $1132 (1).
Along with this energy-related evidence of our pro-

ductive society, there has been an increasing concern
over health risks associated with exposure to electro-
magnetic fields. The exact nature (frequency, intensity,
schedule, etc.) of the exposure is uncertain at this time.
Although many biological test systems have been re-
ported to exhibit responses from exposure to electro-
magnetic fields, the basis for most of the public health
concern arises from the ubiquity of the exposure rather
than the severity of the response.

Electric and magnetic fields are present during the
generation, transmission, distribution, and end use of
electrical energy. The dominant frequency is 60 Hz
(Hertz, cycles per second), which is the frequency of
household fields. Electric fields are present whenever
electrical lines are energized, but magnetic fields occur
only during the flow of current (as when power is being
used). Low-level electrical and magnetic fields are pro-
duced by home appliances, lighting fixtures, TV sets,
etc. Both fields can radiate through air and other media;
however, some shielding is afforded by a variety of fac-
tors, including trees, hills, and buildings (2).

Electromagnetic fields come in a wide range of ener-
gies per unit package. The package known by the phy-
sicist's term, the quantum, is the smallest unit of trans-
missible energy. Strings of these packages travel
through space at the speed of light. At the highest en-
ergy end of the electromagnetic spectrum are the
gamma rays, which have frequencies greater than 1016
Hz. The lowest energy end of the spectrum approaches
0 Hz. The eye is the only universally recognized human
receptor for electromagnetic fields; the human eye can
see quanta of energy from 4.3 x 1014 Hz up to about
7.5 x 1014 Hz. Many animals have special receptors for
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electric or magnetic fields that aid them in navigation
or detection (e.g., birds). Figure 2 depicts the electro-
magnetic energy spectrum and its sources (2).
The two classic types of biological injury that may

occur from exposure to electromagnetic fields are ion-
ization and heating. Ionization (the formation of charged
particles) occurs at the higher end of the energy spec-
trum (X-rays). Ionization can result in the rearrange-
ment of important genetic material and nongenetic ma-
terial, leading to cell death or mutation. Heating occurs
at the lower end of the energy spectrum (infrared, mi-
crowaves) and can be more or less harmful, depending
on the degree of heating that occurs (Fig. 2). For the
60-Hz fields of interest in this article, the available en-
ergy per quantum is far from being able to produce
ionization.
To produce a heating rate of 1 W/kg (like that occur-

ring naturally due to life processes in a normal human
body), electric fields in air would have to be between
107 and 108 V/m, or magnetic fields would have to be
between 1 and 10 tesla (T). Electric fields greater than
106 V/m cannot be maintained in the air (spark discharge
occurs), and magnetic fields in the 1- to 10-T range are
found only in special scientific or medical applications.
Maximum electromagnetic field strengths under high-
voltage transmission lines are between 1 x 103 and 15
x 103 V/m, and 1 x 10-5 or 5 x 10-5 T. These values
are quickly reduced as one moves further from the
transmission lines. The heating effect of standing under
the highest voltage electrical lines in the United States
(765 kV) is 100 million times smaller than natural met-
abolic heating (3). Thus, any observed biological effects
that may result from exposures to electromagnetic fields
must evolve from more subtle mechanisms than gross
ionization and/or heating.
A number of biological systems have been found to

be perturbed by exposure to extreme low-frequency
(ELF) fields. Whether such responses represent a sig-
nificant influence on the health and well being of the
organism is not yet clear (4). If important influences are
found to occur, several questions will follow logically.
What type of exposure (field strength, duration, time
sequence) may be required to elicit the response? Then,
who will make up the population at risk for these effects?

Background
In the late 1960s, reports came from Russia sug-

gesting that workers in electrical substations were ex-
periencing various (acute) symptoms that might be re-
lated to their occupation (5-7). These early reports were
disparaged because of profuse methodological weak-
nesses (e.g., no comparison groups, small numbers of
subjects, subjective reporting) (7,8). A few electrical
companies in other countries made surveys of their
workers' clinical well being and found no basis for fur-
ther concern (8-10). Since 1979, a number of reports
have been published suggesting that there may be
chronic health effects associated with exposure to elec-
trical fields. The end points most often in question are
cancer and birth defects (11-15).
The debate over possible health effects associated

with exposure to electromagnetic fields has been influ-
enced notably by three other items of information:
Animal research has been commissioned by several

agencies, most actively by the U.S. Department of En-
ergy, the Electric Power Research Institute (14), and
more recently, the New York State Department of
Health. This research has failed to demonstrate consistent
evidence of deleterious health effects from electromag-
netic field exposures to experimental systems. For that
matter, in many experiments, no difference was observed
between experimental and control groups. The research
has provided some information about possible mechanisms
of action by these fields, yet the exposure conditions and
biological end points studied are not advantageous for
comparisons with human exposure conditions.

Only recently have efforts been initiated to measure
the complex ELF electromagnetic field exposures that
comprise modern human experience. Considerable work
has been completed with scaling ELF fields to permit
better characterization of comparable exposures be-
tween humans and test animals (16). However, consid-
erable development is still anticipated with the devel-
opment of technology for monitoring complex human
exposures to the myriad sources of ELF fields (17-19).

Considerable public debate has occurred over the con-
struction of several extremely high-voltage transmis-
sion lines in various parts of the United States and
Canada. Transmission lines move electrical energy di-
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FIGURE 2. The electromagnetic spectrum (2).
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rectly from its generation to a point (substation) from
which it is then distributed to consumers. The move-
ment toward higher voltage lines is because of efficiency
considerations; simply, high-voltage lines carry more
electricity and do so less expensively (14,20). Table 1
demonstrates the recent growth in the higher voltage
more-efficient transmission lines.

Notwithstanding the higher voltages represented by
the newer transmission lines, the public is literally
bathed in a sea of 60-Hz waves. Additional electromag-
netic field exposures include frequencies used to trans-
mit information (radio, television) (Fig. 2). Restricting
attention only to power frequency (60 Hz), however,
we find that only a few individuals live near the very
high-voltage transmission lines (345 to 765 kV). More
live near the medium-voltage distribution lines (69 to
230 kV); more still live near residential (small) distri-
bution lines (26 kV), and essentially everyone is near
120 V lines (household levels).

Currently, when considering all sources of informa-
tion on the topic of effects from electromagnetic fields,
no clear public health impact is evident. However, as
laboratory and human studies continue to investigate
the level of concern (level of risk), the prudent public
health response would be to identify all possible popu-
lations at risk. The process of defining population ex-
posure conditions is just beginning. The simple ubiquity
of the exposure (at some degree, low or high) argues
for further investigations.

Literature Review
Experimental Studies

Investigations on cellular and nonhuman test systems
to date have been very sophisticated and quite suc-
cessful in meeting their objectives. The elimination of
possible environmental artifacts, such as noise, vibra-
tion, and microshock, has improved the present gen-
eration of data compared with that reported in the early
and mid-1970s (22). Significant achievements have also
occurred in the production of exposure conditions that
are well characterized and nearly uniform. These ad-
vances in exposure-related technology were necessary,
because basic research has focused on studying the bi-
ological activity resulting from very specific exposure
conditions (23). The exposure conditions have usually
involved a constant field strength for a prolonged time
(22). The duration of exposure varied across experi-
ments, as did permutations of intensities. The 60-Hz
frequency was most often used, and with field strengths
to simulate maximum exposure conditions under trans-

Table 1. New lines (overhead only) and substations energized,
percent change (1983-1984) (20).

Transmission lines % Increase
345-765 kV 65
69-230 kV 2
Substations 14

mission lines. Initial attention was focused on the elec-
trical component of the fields alone. Engineers went to
great lengths to minimize the magnetic fields (23). Re-
cently, the magnetic component has been used in some
experiments, either alone or in combination with elec-
tric fields.
In Vitro. Studies with prokaryotic cell lines (e.g.,

conventional Ames testing) have all been negative; that
is, there was no evidence ofmutagenicity from electrical
fields (24,25). Some studies have been made with cells
from the mollusk and other lower species; these gave
considerable evidence of transport effects on cellular
membranes by electrical fields (26-28). Studies involv-
ing eukaryotic cells (e.g., rat, mice, and Chinese ham-
ster ovary cells) have shown marginal effects that were
interpreted very cautiously. The observed effects in-
volved: calcium ion transport across cell membranes;
DNA synthesis, cell division, and growth rates; neuro-
regulator cells (levels of cyclic adenosine, monophos-
phate, and pineal melatonin and serotonin); growth
characteristics in bone cultures; and chromosomal
breaks, dicentrics, etc., but no increase in sister chro-
matid exchanges (29-43).
Two studies on human lymphocytes and one with bo-

vine lymphocytes exposed to electromagnetic fields in
vitro have yielded conflicting evidence. One of the stud-
ies of human cells showed no consistent difference for
exposed versus nonexposed cultures (44). The other
study of human cells found perplexing changes in pro-
tein kinases (cellular enzymes) at certain frequencies
and durations of exposure (45). Recent reports from this
latter research have elaborated the role of calcium
transport with protein kinase activity and suggested a
potential for disruption of intracellular communications
via a calcium pump mechanism (46). This provocative
hypothesis is being studied at this time. Evidence from
the bovine lymphocyte study suggests increases in chro-
mosome breaks, but without concurrent increases in
sister chromatid exchanges (43). The findings of several
researchers even suggest the possibility of an effective
window, wherein only specific combinations of fre-
quency, intensity, and duration may result in the meas-
urable effect (29,33,43). Such indications of subtle cel-
lular effects led to a study of secondary cancer
promotion effects using a 60 Hz, pulsed, 20-G (gauss)
magnetic field. This experiment involved exposure of
three myeloid leukemia cell lines, with a phorbol ester
as the primary promoter; no effect was seen from the
magnetic fields (47).

Studies of human tumor cells exposed to electric and
magnetic fields, and of fibroblasts exposed to magnetic
fields alone, have revealed modifications in growth pat-
terns and increased DNA synthesis (34,48). The sugges-
tive findings with transformed (or mutated) cell lines,
some ofwhich involved interaction with a magnetic com-
ponent, give researchers pause in interpreting the find-
ings of cellular data (26,30,35,47). The small-scale and
sporadic nature of the effects seen with electromagnetic
fields raises questions about the importance of specific
frequencies, intensities, and treatment schedules, and
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possible interaction with the earth's static magnetic
fields.
Research with Mice. Several researchers have

studied the effects of ELF fields on mice; most exper-
iments have been with pure electric fields, but a few
have been with electric and magnetic fields. One diffi-
culty with interpretation across these studies is that
various intensities were used. Of seven studies re-
viewed with only an electrical field component, one did
not report the intensity, and the others used 240, 15
and 50 kV/m, 80kV/m, 100 kV/m, 100 to 130 kV/m, and
10 kV/m, respectively. Each study used a different time
course in the life ofthe animals with respect to exposure;
however, in all cases, the fields were constant during
exposure, usually about 20 hr/day (49-56). The murine
studies were investigations of germ cell effects, bio-
chemistry, and cell counts (or circadian cycles). None
of the studies specifically addressed end points such as
cancer or birth defects. Virtually all the results (neu-
roendocrine, growth and development, reproductive,
etc.) indicate no adverse effects. Several studies by
Marino (57-59) suggest increased body weight gain,
higher weights for specific organs, and elevations in
certain circulatory hormones among mice exposed to
low-frequency electromagnetic fields. Findings in mu-
rine systems have been questioned because of weak-
nesses in the study procedures (e.g., spark discharges,
bristle vibration, gradients in the fields, small numbers
of animals) or shifts in circadian phases (15,56,60).
Research with Rats. Most of the rat experiments

with ELF fields have been with pure electrical fields; a
few have been with both electric and magnetic com-
ponents. Hilton and Phillips (61) found no evidence of
increases in growth or metabolism for rats exposed to
60 Hz electrical fields versus nonexposed animals. In a
similar study, Free et al. (62) likewise found no effects
on body weights or hormone levels in the plasma; they
attributed any apparent differences seen between the
exposed and nonexposed animals to a phase shift in the
nornal cyclic variation of different hormones. Most of
the rat investigations considered either behavioral ef-
fects or effects on the neuroendocrine transmitter sys-
tem (especially serotonin and its metabolites) (63-67).
Differences in experimental groups were small and not
consistent across exposure conditions; the possibility of
an effective threshold has been speculated (36,38,63,68).
As in mouse research, much of the early work was

confounded by experimental artifacts; small sample
sizes were used, and no manifest effects were detected.
An exception to these llmitations and marginal results
are two studies by Jaffe et al. (69,70). In these studies,
there was consistent, statistically significant evidence
that an ELF field effect would enhance synaptic trans-
mission (peripheral nerve function) and neuromuscular
function (69,70). One experiment with rats was con-
ducted to replicate an experiment with swine (see next
section) that indicated a change in fertility and/or birth
defects (64,68). The infertility was associated with the
second generation of animals; birth defects were asso-
ciated with the second breeding capability of the Fo

generation. Rats displayed a similar response for birth
defects, but not for decreased fertility. This study with
rats has led to proposed plans for a replicate rat breed-
ing study (64,68,71).
Other Whole-Animal Systems. The principle line

of inquiry with animal research was based on the a
priori knowledge that ELF exposure (electric and/or
magnetic fields) would not result in overt clinical effects.
Further, the role of these fields in nature was believed
to be largely regulatory (e.g., circadian rhythms) and
behavioral (e.g., perception). For these reasons, bees
were a logical choice for study subjects. Research with
bees has led to some interesting observations. When
hives are placed in strong electric fields, currents and
voltages are induced in the hive that are dependent on
field strength, hive characteristics, and moisture con-
ditions. Under a variety of conditions, honey production
can be reduced and various hive activities may become
erratic. Two categories of mechanisms appear to be re-
sponsible. One is from electrical shock from induced
fields in the body of the bee; the other mechanism is
related to direct exposure to electric fields (72). There
are two simple solutions to the problem of hive disrup-
tion. One is to avoid keeping bees in high-field regions
near the right-of-way ofhigh-voltage transmission lines;
the other solution is to place grounded metal screens
over the hives (73).

Rabbits were studied indoors with 10 kV/m fields and
outdoors directly under high voltage distribution lines
(74). Each of these investigations failed to demonstrate
any consistent effects from these constant fields, even
for protracted periods (e.g., 9-months exposure). The
rabbits exposed outdoors showed some transient delay
in growth, but this was not replicated indoors. The tran-
sient retardation in growth was based on qualitative
judgments of cerebellum development. Morphologic
changes in glial cells were attributed to effects on reg-
ulatory enzyme systems (74).

Chicks exposed to 15 and 25 kV/m fields gave evidence
of some transient growth retardation (64). Delgado et
al. (30) found developmental abnormalities in fertilized
white leghorn eggs exposed to pulsed magnetic fields.
The magnetic field intensities were 0.12, 1.2, and 12 ,uT,
with repetition rates varying between 10 and 1000 Hz.
The results were interpreted as indicating an intensity
window around a 100 Hz frequency, with 1.2 4T mag-
netic fields (30). Efforts to replicate Delgado's work are
in progress.

Miniature swine presented a particularly strategic an-
imal system for ELF research because of their somatic
weight and gestation characteristics (75). Female pigs
were exposed to 30 kV/m electrical fields daily for 20
hr/day throughout gestation. No discernible effects
were observed with the first breeding of the animals;
however, the F1 generation gave evidence of decreased
fertility. The Fo generation had an increase in mal-
formed fetuses during their second breeding. The scale
of these effects was about twofold between the exposed
and nonexposed groups (75). This doubling of event fre-
quency in exposed animals is a relatively small effect
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when the event is rare (e.g., birth defects). The scale
of effect indicates a need for research with large animals
(e.g., related to costs for sufficiently large numbers of
subjects) and human populations.
Plant and Free-Roaming Animal Research. Crop

effects have been one element in the right-of-way debate
concerning high-voltage transmission lines. Research on
grains growing under high-voltage transmission lines is
currently in progress (76). Research with very high elec-
trical fields (equivalent to about 1000 kV/m in air)
showed variable effects (none, increase, decrease) on
root systems of different plants (77,78). Several vari-
eties of trees showed no effect from exposure to high-
intensity transmission lines; however, Douglas fir trees
growing near the lines experienced less growth, pri-
marily resulting from shoot tip dessication via corona
and microdischarges (76). Studies are just beginning on
foraging and growth factors in cattle and elk (76). Re-
ports of decreased production among dairy cattle had
been one of the more publicized issues; however, this
has been explained by spark discharges from improper
grounding of electrical milking equipment (79,80).
Nonhuman Primates. The ELF field experiments

reported here are still in progress. Each of the exper-
iments used very few subjects exposed to continuous
electromagnetic fields (under 40 kV/m and from 0.1 to
2.0 G). The health end points studied were behavioral
or developmental. Transient reduction of CNS devel-
opment and small decreases in response levels on be-
havioral activities were observed with monkeys (81).
One squirrel monkey demonstrated a lengthening of its
circadian light phase following prolonged exposure to
electromagnetic fields (82). Male rhesus monkeys dem-
onstrated increased growth characteristics that could
not be accounted for by the elevation in testosterone
levels (83). Baboons are being observed for changes in
behavior and performance on selected tests in the pres-
ence of 60, 100, and 130 kV/m continuous electrical
fields. No differences in behavior have yet been defined
between the study groups (84).
Humans. Two ELF experiments have been per-

formed with human volunteers. A first study (in Eng-
land) involved direct exposure to 36 kV for 5.5 hr; no
effects were found in behavioral or clinical studies (85).
In an American study, college students served as their
own controls for exposure to a 9 kV/m electrical field
with a magnetic component applied for 6 hr. Effects
were measured with a battery of behavioral tests and
many biochemical studies. Only 12 subjects have been
used thus far in the study; intermediate findings were
statistically significant for effects on heart interbeat in-
tervals, lymphocyte levels, and differential lymphocyte
counts (elevated levels of helper T-cells) (86,87).

Epidemiologic Studies
Epidemiology is a discipline in which researchers seek

to quantify the association of a risk factor (e.g., expo-
sure to electromagnetic fields) with some adverse health
event. As epidemiology is the study of disease occur-

rence in human populations, there are often constraints
on the detail of information available for exposures that
are quite dissimilar to those experienced in animal stud-
ies. This is simply because free-moving humans (in con-
trast to the carefully exposed volunteer studies just
described) have many sources of ELF field exposures
that are not consistent either in terms of field strengths
for electric and magnetic fields or frequency modulation
(i.e., not all are pure 60 Hz) (88). The ELF fields also
are not maintained for any regular periods of time
(hours, minutes, seconds). This leads to weak exposure
classification for epidemiologic studies, particularly
since humans have many other exposures that must be
considered as risks for disease (e.g., smoking, job-re-
lated exposures). All of this notwithstanding, epide-
miologic studies often provide useful hypotheses for
testing with laboratory research and more powerful ep-
idemiologic methods (88). The studies cited here are of
the hypothesis-generating type. Alone or in isolation,
findings of these studies are frought with individual
weaknesses. However, if different study populations
show consistent effects (Table 2), then this fact argues
for further research directed toward testing the hy-
pothesis or providing evidence for or against biological
plausibility.
Occupational andCommunity-Based Studies. Fol-

lowing the early Russian reports of subjective distress
from electrical fields, several clinical studies were per-
formed on electrical substation workers in Spain and
Canada. No statistically significant health effects were
observed, and subjectively reported gastrointestinal
symptoms and anxiety were found to be associated with
spark discharges and noise from the energized lines
(9,10). A later study in Sweden, using age-, race-, and
sex-matched comparison subjects and larger numbers
ofworkers, found no effects on clinical testing; however,
there were fewer male children among families of the
exposed workers (89). Stopps and Janischewsky (90)
found no clinical differences between exposed and non-
exposed substation workers.

Also in 1979, findings were published from an ex-
ploratory study that used death certificate information
(1946-1973) for children in the Denver, Colorado, area.
Each of 344 pediatric cancer death certificates was
matched by age, race, and sex with a comparison death
certificate. The exposure criterion of the investigation
was residential proximity to particular electrical wiring
configurations that were ranked by current-carrying ca-
pacity and distance from the residence. The authors
interpreted this exposure measure as a surrogate for
the variation in magnetic field exposure that may exist
within the residences. They also postulated various
other factors that could be involved with the indoor
exposure (e.g., wiring patterns, multiple and sometimes
inefficient grounding). The investigation revealed an el-
evated occurrence in the high-current configuration
group for all pediatric cancers, leukemia, and tumors of
the nervous system (risk estimates of 3.2, 3.0, and 2.4,
respectively, may be calculated from the data) (91).
A replicate study was conducted in Rhode Island,
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Table 2. Epidemiologic studies of ELF fields: some calculations.

Lead Power for a risk
author Reference End point Risk levela Confidence limitsb of 2.Oc
Milham (106) Leukemia PMR = 1.37 (1.12-1.67) < 0.99

Acute leukemia PMR = 1.63 (1.14-2.25) < 0.99

Wright (107) Leukemia PIR = 1.29 (0.85-1.88) < 0.99
Acute leukemia PIR = 1.73 (0.93-2.93) < 0.91
Myeloid leukemia PIR = 2.07 (1.02-3.75) < 0.85

McDowall (109) Leukemia PMR = 1.25 (0.65-2.19) < 0.88
Myeloid leukemia PMR = 1.79 (0.66-3.88) < 0.65
Acute myeloid leukemia PMR = 2.31 (0.61-6.00) < 0.49
Myeloid leukemia OR = 2.1 (1.24-3.59) < 0.97

Coleman (108) Leukemia PRR = 1.17 (0.95-1.44) < 0.99
Myeloid leukemia PRR = 1.23 (0.81-1.80) < 0.99

Vagero (99) Larynx RR = 1.46 (1.05-2.03)d < 0.99
Lung RR = 1.52 (1.35-1.72)d < 0.99

Nordstrom (98) Birth defects OR = 3.24 (1.28-8.22) < 0.99

Swerdlow (110) Ocular cancer PRR = 2.40 (1.21-4.33) < 0.95

NIOSH (111) Brain cancer PMR = 1.95 (0.95-3.49) < 0.62
OR = 1.40 (0.38-5.50) < 0.16

Lin (112) Brain cancer PMR = 2.78 (1.65-4.39) < 0.99
Brain cancer OR = 2.15 (1.07-4.32) < 0.99

Pearce (112) Leukemia OR = 1.70 (0.97-2.97) < 0.55

Milham (113) Leukemia PMR = 1.91 (1.22-2.84) < 0.90
Myeloid leukemia PMR = 2.89 (1.61-4.55) < 0.63

Spitz (100) Neuroblastoma OR = 2.13 (1.05-4.35) < 0.78

Gilman (101) Leukemia OR = 4.16 (1.04-6.18) < 0.64
Acute leukemia OR = 2.71 (0.82-9.90) < 0.30
Myeloid leukemia OR = 3.75 (0.98-22.95) < 0.22

Calle (115) Leukemia PMR = 1.86 (0.99-3.18) < 0.59
Acute leukemia PMR = 2.57 (1.11-5.06) < 0.31

aOR, odds ratio; PMR, proportional mortality ratio; PIR, proportional incidence ratio; PRR, proportional registration ratio; RR, relative
risk; SMR, standardized mortality ratio.
bAs per Haenszel et al. (130) and Schlesselmann (131).
'Assumes one-tail test with a = 0.05; power = 1 3 as per Beaumont and Breslow (132) and Schlesselmann (131). Power is the ability of a

study to find a certain level of risk if it truly exists in the study population. The number of study subjects is a principal concern with this
probability.

d Published confidence intervals using a stratified chi-square and Miettinen's form (133).

using death certificates of 119 pediatric leukemia cases
(1964-1978) and age-, race-, and sex-matched birth cer-
tificates for selecting two comparison subjects per case.
Residential proximity to a certain electrical wiring con-
figuration was coded in a manner similar to that used
in the Denver study. No significant associations were
reported; a risk estimate of 1.08 was cited (92). The
criteria for classification of exposure and the selection
of comparison persons were questioned by the Colorado
authors. Their recoding of the Rhode Island data re-
sulted in a larger risk estimate (1.36) that was not sta-
tistically significant (93).
A group of Swedish investigators also endeavored to

replicate the Denver findings using childhood cancer
data from the Swedish Cancer Registry (1958-1973).
The study subjects were matched by age, race, sex, and
community of birth. These researchers visited over 2000
residences for 716 case and comparison pairs. Expo-

sures were based on residential proximity to various
high-voltage devices (e.g., transformers, electrical rail-
ways) and power lines. Their conclusions indicated sup-
port for the Colorado study. Calculations with their pub-
lished data were awkward because of the format for
presentation, but with certain assumptions, risk esti-
mates are in the range of 1.4 to 2.5 (94).

In 1981, the Colorado authors published results from
a study of adult cancer, again using residential criteria
to infer ELF field exposure from neighborhood sources
(e.g., distribution line configurations). This study con-
tained many design differences intended to address crit-
icisms of their earlier study. Living cancer cases were
included, a blinded recoding of their exposure data was
made, and extensive stratified analyses were perfonned
for age, urbanicity, socioeconomic status, and neigh-
borhood. A total of 1179 cases were studied, with match-
ing by age, race, and date of death (as appropriate).
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Cancer for all sites was reported, although the authors
indicated some site-specific variations. The study pre-
sented evidence for a dose-response relationship be-
tween exposure and cancer and for an induction interval
of 7 to 9 years following location in the study area. The
authors discussed their results in the context of elec-
tromagnetic fields as promoters of cancer (95). From
the published data, a risk estimate of 1.4 for all cancers
may be calculated for exposure to high current config-
urations.
During this same time, two studies from England

reported a relationship between suicides and residential
electromagnetic fields. The first study was an ecologic
comparison of mortality data in selected British com-
munities with calculated electromagnetic field intensi-
ties from overhead, high-voltage electrical lines. The
study analysis used conventional correlation techniques
to generate the hypothesis of the relationship (96). The
second study used actual measurements of magnetic
fields outside the residences ofthe suicide victims (death
certificate address) and comparison residences. Study
subjects (598 subjects) were matched by age, race, and
sex to comparison individuals, and extensive compari-
sons of the residences were made for differences by
socioeconomic, urban, and other factors. Elevations in
suicide occurrence were small but statistically signifi-
cant. A risk estimate of 1.5 is calculable for the upper
end of the fields measured (10-7 T and higher) (97).
Two occupational epidemiologic studies from Sweden

have described health effects in relation to electromag-
netic field exposure. They contain several differences
from those reported thus far. First, a retrospective
questionnaire study was used with substation workers
to consider reproductive effects (98). An increase in all
birth defects was found for conceptions that occurred
during the time that fathers worked on high-voltage
systems. Pregnancies from time periods of other work
activities were used for comparison purposes. The pub-
lished data from this report may be used to calculate a
risk measure of 3.2 (98). The second Swedish study, in
1960, used a historical cohort design with workers in
electrical occupations (99). Follow-up of the study pop-
ulation from 1960 through 1973 led to risk estimates of
1.5 for both pharyngeal and lung cancers. This study
used data from the Swedish Cancer Registry and a na-
tional occupational data base; despite this, the number
of cancer cases was small (99).
The results of a large case-comparison mortality

study of pediatric neuroblastomas in Texas were re-
cently reported (100). Birth certificates of all children
dying of neuroblastoma between 1964 and 1978 were
reviewed; two comparison birth certificates were se-
lected from the same year of birth. Paternal occupations
were studied using a computerized software package
for linking exposures to job titles. The comparability of
cases and comparison of subjects were verified for sex,
urban or rural, maternal and paternal age, duration of
prenatal care, and rate of illegitimacy. Job titles clas-
sified as being associated with electromagnetic field ex-
posures gave an odds ratio of 2.1; the odds ratio for

fathers reported as electronics workers was 11.7 (small
numbers were involved with this category). Not all of
the jobs with electric or electrical in the title were ex-
clusively linked to electromagnetic field exposure. Spitz
and Johnson (100) raise the question about other pos-
sible exposures with these jobs that might explain an
increase in disease risk, such as dusts, fumes, and hy-
drocarbon exposures.
A case-comparison analysis of leukemia deaths among

four cohorts of coal miners was made (101). Forty cases
were identified among 6066 deaths in a total cohort of
approximately 19,000 coal miners; age-at-death matched
(4 to 1) comparison deaths were chosen from the same
cohort. Exposure to electromagnetic fields was inferred
on the basis of work underground for more than 25 years.
This questionable exposure surrogate, the different
lengths of follow-up for the cohorts, and the small number
of cases are some of the weaknesses associated with this
exploratory study. The authors found an overall odds ratio
for leukemia of 2.53 and acknowledge the potential role
played by other occupational exposures. Cigarette smok-
ing histories and the frequency of coal miner's pneumo-
coniosis were comparable between groups. The data for
one analysis (Table 2) are for all leukemias and subsets
selected for comparison with those cell-types reported by
other investigators. Gilman et al. (101) found an odds ratio
of 8.22 (p < 0.05 level, 95% confidence bounds of 1.12 and
60.42) for chronic lymphocytic leukemia at this site.
Proportional Mortality Studies. One aspect of the

controversy surrounding electromagnetic fields is de-
rived from a series of studies conducted with population-
based data. These reports represent many different
geographical areas. The studies were conducted with
an analytical calculation called the proportional mortal-
ity ratio (PMR), a method with known limitations (102-
104). Case and comparison data, including the exposure
information, are taken from death certificates. The basis
of analysis is the proportion of deaths within certain
groups (i.e., occupation titles) that result from a certain
cause. These investigations were designed to generate
hypotheses; however, their convenience makes them
useful for testing the consistency ofan association across
different exposed groups and geographic locations (13,
105).
The first of these studies to link occupations with

presumed electromagnetic field exposures came from a
death certificate study in Washington State (106). Pro-
portional mortality ratios in the range of 1.4 to 1.6 were
cited for leukemia in males 20 years of age and older.
A PMR-type study from California reported a similar
finding using cancer incidence data. This report exam-
ined subgroups of leukemia cell types from the cases
(white males) diagnosed from 1972 to 1979. The risk
estimates from the "all-jobs" category were from 1.3 to
2.1. Acute myelogenous leukemia was suggested as hav-
ing the greatest association with electrical occupations
(107).
A British study, using leukemia incidence data for

white males 15 to 74 years old (1961-1979), reported
risk estimates of about 1.2 for all leukemias and acute
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myelogenous leukemia (108). A study of leukemia
deaths in England and Wales, from 1970 to 1972 (males,
15-74 years old), gave PMR values for various electrical
occupations of between 1.2 and 2.3 for leukemia and
myeloid subgroups (109). In a companion study, the 1973
certificates for male leukemia deaths over 15 years of
age were matched by age, sex, and year of death to
noncancer death certificates. Again, electrical occupa-
tions were found to be associated with the leukemia
deaths, with a statistically significant odds ratio of 2.1
(109). Another British PMR-type study on ocular cancer
reported an elevated occurrence among electrical oc-
cupations. A risk estimate of 2.4 is calculated from the
data (110).
The National Institute for Occupational Safety and

Health (NIOSH) (111) conducted an investigation of
cancer mortality at an electronics manufacturing plant
in Wisconsin. Deaths among approximately 99% of the
company's employees were ascertained for the period
from 1950 to 1980. This study reported a PMR for brain
cancer (both sexes, all salary groups) of 1.95. A case-
comparison analysis was performed with matched sub-
jects (4 to 1) from the same company. The analysis fo-
cused on specific job categories; however, because of
the small number, only three groups could be analyzed
(machine operators, maintenance workers, and office
workers). For these groups, the respective odds ratios
were 1.4, 3.0, and 3.0; the description in Table 2 is for
the machine operators category (111). Brain cancer was
studied in Maryland men (20 years and older) for the
years 1969 to 1982 (112). A PMR of 2.78 was cited for
occupations thought to have high electrical field expo-
sure. Lin et al. (112) used a case-comparison design to
further test this possible association and cited an odds
ratio of 2.15 for brain cancer and electrical occupations.

Recently, Milham (113) reported on leukemia mor-
tality among members of a group of amateur radio op-
erators in Washington State and California. Male deaths
from 1971 to 1983 were identified via the group's
monthly newsletter; these were compared with mor-
tality data for each state during the same time period.
The PMR for all leukemias was 1.9, with PMRs for
myeloid cell types ranging from 2.5 to 2.9 (113).
Pearce et al. (114) also report the findings for a case-

comparison study performed in New Zealand. In this
study, leukemia cases were matched to four other can-
cer cases in the National Cancer Registry. Occupations
having presumed electric and magnetic field exposure
were the criteria investigated. Electromagnetic field oc-
cupations gave an overall odds ratio of 1.7, with some
subcategories indicating no increased risk and others
having odds ratios from 3.9 to 8.1 (114).
APRM study using 1963 to 1978 mortality data (white

males, 20 years of age and older) from the state of Wis-
consin was reported recently (115). Electrical occupa-
tions were analyzed to assess the risk of leukemia and
acute leukemia; the PMRs based on all electrical occu-
pations were 1.03 and 1.13, respectively. Most of the
occupation-specific PMRs were less than 1.0, and the
patterns observed by Milham (106) and Wright et al.

(107) were not observed in the Wisconsin findings. El-
evated PMRs were reported for both electrical engi-
neers (Table 2) and radio and telegraph operators (PMR
= 2.35 and 3.0 for leukemia and acute leukemia, re-
spectively) (115).
Other Reports. A review of five rare pediatric can-

cers in Florida included several environmental factors
that may have been common to the cases. Residential
proximity to electrical power lines was one of those
factors. The close aggregation of the cases in space and
time had drawn the interest of the investigators. Res-
idential proximity to power lines was not a hypothesis
of the study (116). Preliminary results from a Colorado
study suggest an association between the use of electric
blankets and infertility and birth defects. Relatively
strong electromagnetic fields may be generated by elec-
tric blankets under certain circumstances, according to
the authors. The seasonal variation of rates of births
and birth defects may agree with the time periods of
peak electric blanket use (117). Workers in 400 kV elec-
trical substations have been studied for chromosomal
effects in circulating lymphocytes. This study of 38
workers (19 exposed and 19 comparison employees) was
conducted in Sweden (118). Exposed workers were
found to have elevated rates of chromosomal aberra-
tions (breaks) and micronuclei, but no elevation in sister
chromatid exchanges. The effects were postulated as
the result of exposure to transient electrical currents
(spark discharges) (118).
Two British studies have recently been completed,

but their results are not yet finalized. Preliminary find-
ings were presented at an international conference. A
study was conducted of leukemia cases from 1965 to
1980 in four south London communities (119). Case and
comparison data (i.e., persons with solid tumors) were
taken from the Thames Cancer Registry. Despite 769
cases and 1436 comparison subjects being studied, small
numbers of subjects actually lived near high-voltage
electric power lines (in England power lines are pre-
dominantly underground). This study found evidence of
an elevated risk (odds ratio of 1.9) for those living less
than 50 m from overhead lines; however, there was no
evidence presented for those living within 100 m of the
lines (119).
Another case-comparison study considered pediatric

brain cancers, neuroblastomas, and leukemias from
1970 to 1979 in the Yorkshire area (120). Magnetic field
exposure levels were calculated from the maximum cur-
rent load on overhead power lines between 1974 and
1984. Actual measurements were made in 44 homes that
were not a part of the study. The range for calculated
magnetic fields was 0.002 to 16.8 mG, with a median of
0.09 mG; median kitchen levels were only slightly
greater than in other locations in the homes (despite
electrical appliances operating in some instances). None
of the analyses from this study indicated an elevated
risk of childhood cancer as a result of magnetic fields
from overhead power lines (120).

Currently, there are at least six epidemiologic studies
in progress. Two are industry-based cohort studies in
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England and Sweden (121,122). These studies are rel-
atively small (1000 and 56 workers, respectively), yet
they involve close clinical follow-up and can provide data
on common health events and acute phenomena. Two
large retrospective studies are under way in Denver
and Seattle as a part of the research on electromagnetic
fields by New York State. These investigations are
studying childhood (425 cases) and adult leukemia (160
cases) in Colorado and Washington, respectively. The
studies include measurements of electric and magnetic
fields within the subjects' homes and may thereby shed
some light on the exposure-response relationship
(123,124).

In Washington State, a study of a possible association
between breast cancer and electromagnetic fields/light-
dark cycles is being initiated (125). This proposed study
of human breast cancer is based in principle on findings
from animal experiments lining exposure to electromag-
netic fields or light to a reduction in melatonin levels;
reduced melatonin levels have significantly increased di-
methylbenz[a]anthracene mammary carcinogenesis
(38,125). Finaly, a case-comparison study of acute mye-
loid leukemia will be conducted on telephone employees
from across the United States. About 160 cases and con-
trols will be identified and investigated for occupational
charactexistics between the years of 1975 and 1980 (126).
Each of the six studies described in the preceding para-
graphs should have excellent statistical power for detect-
ing small differences between comparison groups. The
challenge before these investigators is to achieve the max-
imum validity possible by identifying and characterizing
ELF field exposure.

Discussion
Some of the evidence from in vitro studies suggests

possible ELF field effects on subcellular sites that result
in increased growth rates. Some whole-animal data offer
suggestions that some biologic systems may be per-
turbed (e.g., neurologic or neuromuscular enhancement
and developmental effects). Most of these laboratory
studies have in common good exposure characterization,
especially when compared with human studies. These
studies, however, also have weak statistical power be-
cause of low-level effects (e.g., doubling) and/or small
sample sizes used in the experiments. Suggestions have
been made that ELF fields may act as promoters of
carcinogenesis. An epidemiologic study designed to de-
tect promotion has not yet been conducted, and the
appropriate study design would require some devel-
opment. The exposure measurement technology for the
necessary research is just now coming into existence.
And even as the technology is developing, there are
questions about how to use it. Human exposures to ELF
fields include perplexing patterns of electric and mag-
netic fields and numerous (uncharacterized) confounding
exposures to other agents (e.g., combustion by-prod-
ucts, cigarette smoke, radon, etc.).
As with all basic research, the necessary ELF field

experiments with animals and lower life forms must be

conducted with vigorous control of exposure variables.
This control includes constant exposure to a fixed in-
tensity of ELF fields, with no other potentially con-
founding exposure. Yet, this exposure precision is not
at all similar to the human experience that entails a
very complex set of exposure conditions (105). Most of
the risk estimates in Table 2 are less than 3.0. The larger
risk estimates in the table or from published studies are
each based on small sample sizes and have wide confi-
dence bounds, irrespective of statistical significance. To
emphasize this point, we have calculated a summary
risk estimate for leukemia with the Mantel-Haenszel
method using four of the case-comparison studies
(91,92,109,114). This summary odds ratio is 1.69, chi-
square = 17.535 (p < 0.01, 95% confidence bounds of
1.32 to 2.16) (127).
Risks take on public health significance not only be-

cause of the nature of the hazard but also because of
the size of the population at risk. A reasonable amount
of data has been gathered to support the hypothesis
that electric fields in and of themselves are not carcin-
ogenic. However, essentially everyone is exposed. Ex-
posures occur not only when passing under electrical
power lines but also at work or in our residence
(18,128,129). Based on a qualitative synthesis of the
available research on ELF fields, the risk for serious
health events is probably small and involves a very com-
plex set of exposure conditions. It is not at all evident
how one would extrapolate the ELF experimental data
to arrive at estimates of human health risk. If the lab-
oratory exposure conditions were designed to be more
similar (e.g., complex) to human exposures, the benefit
would be substantially fewer, qualifying assumptions
when translating effects (or their absence) in animal
systems to human populations (105). Vigorous experi-
ments ofthis type, however, would require a substantial
funding commitment.
There are many nuances to be considered with the

pattern of ELF field exposures: What is the source of
the exposures? What is the intensity and frequency (Hz)
of the exposure(s)? How long is a person exposed, and
what is the time schedule for the exposure? What other
factors may be relevant to the person's risk for the
health event of interest? These questions are com-
pounded by our lack of knowledge about the fundamen-
tal mechanism(s) relating to the observed bioeffects.
Assuming all these questions could be answered, there
is also the matter of regulating the exposure and the
cost ofthat regulation. With a residential exposure, how
will basic rights issues be resolved? Will warning labels
be the approach for alerting the public to a hazard that
it may want to accept? Will industrial standards be
changed, as with automobile emissions?

Conclusions
The experimental data presented here would indicate

that if there are health effects associated with exposure
to ELF fields, these are likely to involve a complex
exposure pattern of intensities, durations, and frequen-
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cies that has yet to be ferreted out. If these findings
should persist, such a complicated exposure-response
scenario could have significant implications to human
health risk assessment efforts. Specifically, how can it
be done?

If a risk of human cancer should exist, it is likely to
be very small, perhaps on the order of 2.0 or less, and
then only for highly specific groups in the population.
This small risk represents a methodological obstacle for
epidemiologic research with regard to sample size con-
siderations. This is particularly true since confounding
exposures will almost certainly have to be taken into
account if a carcinogenic effect is to be studied. The
necessity for in vitro studies to seek possible mecha-
nisms of carcinogenic action by ELF fields is patent.
Additionally, there is the persistent question regarding
what aspect of exposure should be studied and how to
best assess its effect. Excellent research efforts are in
progress to address these research questions and to
develop techniques for measuring ELF exposure.
A final salient question remains in regard to the pub-

lic's health and a philosophical quandary over "when is
enough enough." What is the relative priority for fur-
ther ELF fields research? In light of the ubiquity of
ELF fields, the (apparently) socially desirable sources
of exposure, the low level risk at issue, the uncertainty
over the role of other (confounding) exposures, and
doubts over how to regulate exposure if evidence of a
health risk should be found, are we going to look closer
to see if there is any real health effect? Appropriate
studies may prove very costly.

Research sponsored by the Martin Marietta Energy Systems, Inc.,
under Contract No. DE-AC05-84OR21400 with the U.S. Department
of Energy. The literature review for this paper is complete through
1985; a few later references were added only to meet reviewers' com-
ments.
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